Background: Carbon fractions are applied to dry matter estimates to calculate carbon stocks in forest stands. A default carbon fraction has been applied to planted forest species in New Zealand; however, various studies have shown that the carbon fraction can differ among species and between tree components. New Zealand-specific carbon fractions were, therefore, developed to improve the accuracy of carbon stock estimates for international reporting purposes. Methods: Carbon fractions were analysed using subsamples of tree components from 684 stems, 1125 crowns and 70 root systems from 14 sites distributed throughout New Zealand. The carbon fractions for needles, branches, cones, stem wood, stem bark and roots reported by the laboratory at a drying temperature of 104°C were corrected using published procedures to the moisture content attained after drying subsamples to constant weight at 70°C, the drying temperature used in New Zealand biomass studies. Results: Carbon fraction averaged 0.514 g C g −1 dm in needles, 0.507 g C g
Introduction
The net stocked area of planted forest in New Zealand covered approximately 1.7 million ha as of 1 April 2016, which was comprised of Pinus radiata, D.Don (radiata pine 90%), Pseudotsuga menziesii (Mirb.) Franco (Douglas-fir 6%) and a range of minor species including eucalypts and cypress (NEFD 2016) . Unbiased estimates of carbon (C) stocks and changes in New Zealand's planted and natural forests are required to meet international reporting commitments under the United Nations Framework Convention on Climate Change (UNFCCC) and the Kyoto Protocol. The national inventory of planted forest provides data for developing carbon yield tables, which are derived from a modelling system called the Forest Carbon Predictor (FCP) . The FCP estimates the dry matter content of live tree components, which is converted to carbon by applying a carbon fraction. The amount of carbon (i.e. the carbon fraction) in biomass components is currently assumed to be 0.50 g C per gram of dry matter (g −1 dm), which differs slightly from default fraction in the IPCC guidelines (IPCC 2006) , which is 0.51 in temperate and boreal conifers. Given the importance of planted forests as a carbon sink in New Zealand, it is important to develop New Zealand-specific carbon fractions.
The amount of carbon contained in the dry matter component containing needles, branches, stem wood, stem bark and roots has been examined in a number of coniferous species (Balboa-Murias et al. 2006; Bert and Danjon 2006; De Aza et al. 2011) and is reported to vary between species and among biomass components, as was highlighted in a recent review (Thomas and Martin 2012) . For carbon estimation purposes, biomass samples need to account for within-and between-tree variation in carbon content to provide unbiased estimates of the carbon fraction. For example, a composite sample of mass-weighted stem wood or bark subsamples taken at fixed intervals along the entire length of stems will provide representative material, while for needles and branches, mass-weighted subsamples from throughout the crown will provide representative material for chemical analysis. Tree biomass sampling procedures are specifically designed to provide representative samples of individual biomass components, thus providing suitable subsamples for carbon analysis. A weighted average carbon fraction has been derived for various species (Thomas and Martin 2012) ; however, the application of a single carbon fraction for a species implies that partitioning of components is fixed. This is not the case in New Zealand's intensively managed planted forests, where the disposition of components varies with site, stand age and the silvicultural regime (Madwick et al. 1977; Beets and Pollock 1987; Beets and Madgwick 1988) . An alternative approach is to apply carbon fractions to each biomass component separately. Component-specific carbon fractions can be implemented within the FCP as it provides annual estimates of the dry matter content of needles by age class, live branches, dead branches, cones, stem wood, stem bark and roots from time of planting to harvesting.
To improve the accuracy of carbon stock estimates for planted forests in New Zealand, carbon data from radiata pine biomass studies across a range of sites and ages were summarised by component and stand age, so as to incorporate suitable carbon fractions within the Forest Carbon Predictor. In this paper, component-specific carbon fractions were tabulated for radiata pine along with limited data for Douglas-fir grown in New Zealand, Also, an assessment of the impact of the revised fractions on biomass carbon stock estimates is provided.
Methods
Oven-dried (70°C) stem wood, stem bark, branch, cone and needle samples for carbon analysis were obtained from existing and new radiata pine and Douglas-fir biomass studies in New Zealand. Dead needles intercepted by branches in the lower crown were collected separately from live needles. Biomass studies in radiata pine stands were undertaken in 5-and 15-year-old stands at Kinleith, 5-, 16-and 26-year-old stands at Tarawera, 5-and 28-year-old stands at Woodhill and a 5-year-old stand at Nelson. Carbon data from the 15-and 16-year-old stands at Kinleith and Tarawera, respectively, were published by Oliver et al. (2011) . Biomass samples were also acquired at eight Genotype × Environment (G × E) trial sites established in the North and South Island of New Zealand, each planted with 40 clonally propagated genotypes. At these sites, stem wood, stem bark, and needle biomass samples were obtained from 96 trees (one tree from each of the 12 genotypes per site) in 2017 in 12-to 15-year-old stands. In addition, branch and root samples (10 to ≤ 50 mm diameter over bark) were acquired from recently harvested stands at nine sites located within New Zealand commercial plantations as part of woody debris decay studies (Garrett et al. 2008 (Garrett et al. , 2010 (Garrett et al. , 2012 . Finally, outer bark (cork) from disc samples taken at fixed intervals along the entire stem length of 19 trees (stands aged 22/23 years old) at Puruki Forest was separated from inner bark (phloem and phelloderm) using a chisel, which was only feasible from discs in the lower part of the stem. This corky bark was bulked into a single sample per tree and labelled "outer bark". The inner bark and bark from upper discs that could not be separated from the inner bark was bulked by tree and labelled "inner bark". One 10-year-old Douglas-fir stand was sampled at Gowan Hill, Southland, which provided needle, branch and stem wood and bark samples for comparison purposes. The oven-dried (70°C) samples were processed as follows.
Woody biomass samples were chipped and then ground until all the material passed through a 2-mm mesh sieve, while needle samples were ground until all the material passed through a 1-mm mesh sieve. Because the samples had been exposed to air for an indefinite period of time, they had gained moisture. Carbon (C) content of these samples was determined by thermal combustion (Leco CNS-2000, LECO Corp., St Joseph, MI, USA). Carbon fractions (CFs) reported by the laboratory were based on moisture factors of subsamples dried for 24 h at a drying temperature of 104°C. The moisture factors (s.e.) averaged 1.087 (0.0008) for stem wood, 1.096 (0.0008) for stem bark and 1.077 (0.0008) for needles. These moisture factors provide carbon fractions at a drying temperature of 104°C and were, therefore, back-corrected to the moisture content of biomass samples oven dried to constant weight at 70°C
, the drying temperature used in New Zealand biomass studies. Carbon fractions were back-corrected as follows: CF 70 = CF 104 × (100 − 1.045)/100 (following Bert and Danjon 2006) , where CF 70 is the carbon fraction applied to biomass data, CF 104 is the carbon fraction reported by the laboratory and 1.045 is the percentage reduction in moisture content of biomass samples oven dried to constant weight at 70°C and then re-dried to constant weight at 104°C.
For radiata pine, data for each component were examined for variation with tree age. The carbon fraction in stem bark was the only component to vary significantly as a function of stand age. The carbon fraction in stem bark was modelled as a function of age using the NLIN procedure (Gaus-Newton method) in SAS Version 9.4 statistical analysis software (SAS Institute Inc. 2011). For components other than stem bark, the overall mean across sites was calculated by component.
The impact of replacing the default carbon fraction (0.50 g C g −1 dm) by the revised carbon fractions was assessed by applying carbon fractions to stem wood, stem bark, needle, branch and cone dry matter estimates from a radiata pine chronosequence study (Madwick et al. 1977; Webber and Madgwick 1983) .
Results

Carbon fractions of radiata pine tree components
The carbon fractions of radiata pine tree components are summarised in Table 1 Table 1 Mean carbon fraction of radiata pine biomass components, age of sample stand, number of stems/crowns/roots sampled (n) and study sites in New Zealand
Site
Stand age (years)
Stem wood Stem bark Branches Needles Cones Roots a Balmoral, SI 28 0/3/6 n/a n/a 0.510 n/a n/a 0.506
Burnham, SI 28 0/4/8 n/a n/a 0.521 n/a n/a 0.510
Crater Block, NI 13 12/12/0 0.497 0.546 n/a 0.526 n/a n/a Forest Creek, SI 14 12/12/0 0.500 0.549 n/a 0.515 n/a n/a Golden Downs, SI 5 120/240/0 0.500 0.508 0.515 0.507 n/a n/a 28 0/2/4 n/a n/a 0.495 n/a n/a 0.509
Kaingaroa, NI 12 12/12/0 0.497 0.545 n/a 0.509 n/a n/a 28 0/2/4 n/a n/a 0.493 n/a n/a 0.494
Kinleith, NI 5 120/240/0 0.499 0.518 0.507 0.501 n/a n/a 10 0/0/9 n/a n/a n/a n/a n/a 0. n/a 0.517 n/a n/a 28 0/1/6 n/a n/a 0.499 n/a n/a 0.493 Tarawera, NI 5 120/270/8 0.494 0.510 0.510 0.510 n/a 0.510 11 0/0/4 n/a n/a n/a n/a n/a 0 dm at stand age 28 years (Fig. 1) . No significant trends with age were evident for other components.
Means and ranges in component carbon fractions averaged across the eight G × E trial sites, and 12 genotypes are summarised in Table 2 . Carbon fractions differed significantly between sites and among clones, although the differences are relatively small and impractical to implement ( Table 2) .
The carbon fraction in stem bark of New Zealand-grown radiata pine follows an asymptotic relationship with age ( Fig. 1) given by:
The model was fitted to a total of 16 stands from 5 to 28 years old at 11 sites, three of which (Woodhill, Kinleith, Tarawera) were sampled at multiple ages (Table 1) . The model has an R 2 = 0.91 and root mean square error = 0.057. Stem bark was the only tree component where the carbon fraction varied significantly with stand age. The asymptote was reached by around stand age 12 years.
Carbon fraction of radiata pine bark components
The carbon fraction of the inner and outer bark of 22/ 23-year-old trees at Puruki Forest is summarised in Table 3 . The carbon fraction of the outer bark exceeded that of the inner bark by approximately 14%. The bark of very young trees is equivalent to the inner bark, while the outer bark becomes evident as trees increase in age. The results for the inner and outer bark are consistent with the finding that the carbon fraction of bark initially increases with age, until the bark layer becomes dominated by cork.
Carbon fraction of Douglas-fir components
The mean and range in carbon fraction (g C g −1 dm) of biomass components for one Douglas-fir stand in New Zealand are summarised in Table 4 . The mean carbon fraction was lowest in stem wood (0.502 g C g −1 dm), intermediate in needles and branches and highest in stem bark (0.534 g C g −1 dm). These results for Douglas-fir are very similar to those reported above for New Zealand-grown radiata pine.
Discussion
Various studies of conifers growing in countries other than New Zealand show that carbon fractions can differ appreciably among species and tree components ( Table 5 ). The New Zealand-grown radiata pine carbon fractions reported here are based on wood and bark samples from 684 stems, 1125 crowns and 70 root systems from a total of 14 sites distributed throughout New Zealand. The samples were obtained from biomassspecific studies and are considered representative of each tree component. These data show similar trends to radiata pine in Spain (Table 5) , with the C fraction in the stem bark being the highest, needles and branches intermediate and stem wood lowest. For most species, heartwood has a higher carbon fraction than sapwood, and branches, roots and needles tend to be intermediate between stem sapwood and stem bark (Table 5 ). Explanations offered for differences in carbon fractions are summarised in reviews by Matthews (1993) , Bert and Danjon (2006) and Thomas and Martin (2012) . Species (Matthews 1993) . Radiata pine has produced very little heartwood by age 20-28 years, the ages at which it is typically harvested in New Zealand, and the carbon fraction of stem wood varies little with tree age. Radiata pine stem wood was previously estimated to be comprised of lignin 26%, cellulose 42%, galactoglucomannan 15%, arabinoglucuronoxylan 10%, arabinogalactan 4%, utonic acids, etc. 3% (Uprichard and Lloyd 1980) , which gives a moisture-free C fraction of 0.504, based on methods in Matthews (1993) . This value compares favourably to the value of 0.498 g C g −1 dm (Table 1) obtained directly from the measured stem wood carbon fraction in the current study.
The carbon fraction in radiata pine stem bark increased with tree age in New Zealand biomass studies. Other studies have shown that the carbon fraction of stem bark is generally highest at the base of the stem where the proportion of mature bark is greatest (De Aza et al. 2011 ). More particularly, it has been shown that the outer bark has a higher carbon fraction than inner bark, which was ascribed to higher levels of extractives, lignin, tannins and suberin (Bert and Danjon 2006) . The outer bark has a significantly higher carbon fraction than the inner bark in the current study which was based on 19 radiata pine stems, presumably owing to the higher content of lignin and suberin in the outer bark. The proportion of the outer bark in the lower part of the stem increases with tree age, which explains why the stem bark carbon fraction increases with tree age in New Zealand radiata pine studies.
The dry mass of biomass samples and hence the carbon content depend on the drying temperature and humidity of the drying oven (Matthews 2010) . To minimise bias, carbon fractions reported by laboratories need to be corrected to the moisture content of oven-dry biomass samples. In most studies, biomass samples are oven dried in forced ventilation ovens at 65-75°C to constant weight or after a defined period of time in the oven. To minimise carbon and nitrogen volatilisation losses that occur at high temperatures (Samuelsson et al. 2006) , comparatively low drying temperatures are used when drying biomass samples to constant weight, which can take up to several weeks for large samples. Losi et al. (2003) , for example, noted that charring occurred when attempting to dry biomass samples to constant weight at a temperature of 105°C. Results of chemical analysis conducted by laboratories are based on very small samples which are dried quickly at comparatively high drying temperatures. For this study, the approach used by Bert and Danjon (2006) to correct the carbon data reported by various laboratories was followed. They noted that the moisture factor applied in the analytical laboratory was based on subsamples dried at 103°C, whereas the biomass samples had been dried to constant weight at 65°C, which resulted in a moisture content about 2% lower than that in their biomass samples. Matthews (2010) found approximately 2.5% of additional moisture in pine samples dried at 65°C compared to when samples were dried at 103°C in an air-conditioned laboratory at 20°C and 40% relative humidity. Likewise, the moisture factor of the bulked radiata pine biomass samples in the current study was 1.01045. These samples had been dried to constant weight at 70°C and then further dried to constant weight at 104°C.
Based on the data obtained here, the values for carbon fractions applied in the FCP should be 0.514 g C g dm) increases significantly with stand age, and, therefore, an age-adjusted carbon fraction should be applied to this component for stands aged 5 years or older. For stand less than 5-years-old, the CF = 0.503 (the value for inner bark). Consequently, the mean carbon fraction in radiata pine bark increases rapidly from approximately 0.50 g C g −1 dm at stand age 4 years to 0.54
dm by age 9 years to a maximum of 0.55 g C g −1 dm by stand age 17 years and older. The revised carbon fractions are applied in the FCP as shown in Table 6 for actual biomass data.
Compared to the use of the default carbon fraction (0.50 g C g −1 dm), the revised carbon fractions increase the amount of aboveground live (AGL) carbon stored in Tree total 0.532 Bert and Danjon (2006) reported carbon fractions (the analytical laboratory used 103°C) corrected to 65°C, which was the temperature used in their biomass dry matter determinations. Other reported values that are assumed were as provided by the analytical laboratory used Beets and Garrett New Zealand Journal of Forestry Science (2018) 48:14 Page 6 of 8 mature stands by approximately 1%. The amount of carbon retained on site as harvest residues during conventional stem-harvesting operations, which typically remove 85% of the stem wood plus bark, increased by 1.3%, unless harvested stems were entirely debarked at the stump in which case the amount of carbon retained on site as harvest residues increased by 3.2%, when using the revised instead of the default carbon fractions (Table 6 ). Component carbon fractions are similar in Douglas-fir and radiata pine biomass components. It was, therefore, assumed that the component-and age-specific (for stem bark) carbon fractions for radiata pine are applicable to other coniferous species in New Zealand's planted forest estate.
Conclusions
Robust carbon fractions have been developed for biomass components of radiata pine in New Zealand. Analysis shows that the default carbon fraction (0.50 g C g −1 dm) used in the FCP model underestimates carbon stocks in New Zealand's planted forests by approximately 1%. Applying the revised carbon fractions derived above from Table 6 Carbon stock (t/ha) and sequestration (t/ha/year) estimates calculated by applying carbon fractions to radiata pine stand dry matter estimates in Madwick et al. (1977) and Webber and Madgwick (1983) : (a) using a default carbon fraction of 0.50 g C g −1 dm and (b) using tree component-specific carbon fractions for radiata pine in New Zealand The resulting percentage changes in aboveground live (AGL) C stocks and C sequestration are shown (in part b) by stand age, as are the expected effects of harvesting the 29-year-old stand (Webber and Madgwick 1983) , assuming stem wood plus bark extraction (85%) or assuming stem wood only extraction (85%), on carbon stocks of residues and stock changes (%) a C sequestration of the 9-year-old stand was not calculated because this stand had been thinned, which explains why the AGL C stock decreased relative to the AGL C stock at age 8 years Beets and Garrett New Zealand Journal of Forestry Science (2018) 48:14 Page 7 of 8 specific biomass components of commonly planted species in New Zealand in the FCP model will improve the accuracy of carbon stock estimates for planted forest. Moreover, operational information on in-forest debarking activities that provide estimates of the percentage of stem bark mechanically removed during harvesting operations will further improve estimates of removals associated with harvesting, and additional work is required to achieve this. 
